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Purpose: This study was conducted to clarify the effect of the direction of pressure measurement on the pressure readout
in fibrinous thrombus of the abdominal aortic aneurysm.
Methods: Three weights of 468 g (weight 1), 578 g (weight 2), and 675 g (weight 3) were molded. A specimen of human
fibrinous thrombus was positioned under the weights. Because the surface area of the weights and the thrombus was 400
mm2, weights 1, 2, and 3 caused pressures of 88, 108, and 127 mm Hg, respectively. Pressure measurements were
performed at different angles between the sensor and the applied force (0°, 22.5°, 30°, 45°, 60°, 67.5°, 90°) Thrombi of
10 different patients were analyzed. Pressure measurements in the thrombi at different angles were statistically compared
by a linear mixed model analysis.
Results: The measurements at 90° differed statistically from the measurements at 0°, 22.5°, 30°, 45°, 60°, and 67.5° (P<
.001). The pressure readout was only similar to the applied pressure when the pressure sensor was positioned at 90° to
the applied force. Pressure measurements in other sensor positions resulted in lower pressure measurements. Pressure
changes were detected in all sensor positions. There appeared to be no significant difference between the pressure
measurements taken at same angles in the 10 thrombi (P > .05).
Conclusion: In fibrinous thrombus of abdominal aortic aneurysm, the direction of pressure measurement influenced the
pressure readout. (J Vasc Surg 2007;45:812-6.)
Clinical relevance. Endovascular aneurysm repair (EVAR) aims reducing the pressure in the aneurysm sac; therefore, it
seems attractive to use pressure monitoring in the aneurysm sac as a follow-up after EVAR. This study contributes to the
development of the rationale of pressure monitoring in the aneurysm sac as a follow-up method after EVAR. The sensor
position in fluids is not relevant for pressure measurement because the forces at a given point in a fluid are identical in all
directions. This is not the case in solid materials. The aneurysm sac is filled with solid fibrinous thrombus. To interpret
pressure measurements, we have to learn about the effect of the direction of pressure measurement in fibrinous thrombus
on the pressure readout.The purpose of endovascular aneurysm repair (EVAR)
is to prevent the abdominal aortic aneurysm (AAA) from
rupture by depressurizing the aneurysm sac. An important
complication of EVAR is the occurrence of endoleaks and
endotension. Endoleak, an incomplete seal of the aneurysm
sac, and endotension, an increase in aneurysm diameter
without detectable endoleak, are associated with increased
aneurysm sac pressures.1 Hence, follow-up after EVAR is
needed to detect endoleak and endotension.
Aneurysm sac pressure is directly related to the aneu-
rysm rupture; thus, there is a great interest in aneurysm sac
pressure monitoring.2 Direct aneurysm sac pressure mea-
surement could be a valuable tool during the follow-up
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812after EVAR.3 Unfortunately, aneurysm sac pressure moni-
toring is not straightforward.4-6
The sensor position in fluids is not relevant for pressure
measurement because the forces at a given point in a fluid
are identical in all directions. This is not the case in solid
materials.2-7 The aneurysm sac is filled with solid fibrinous
thrombus, which could hamper pressure measurement of
aneurysm sac. The aim of this study was to investigate the
effect of the direction of the pressure measurement on the
measured pressure level in fibrinous thrombus.
METHODS
Experimental setup. The experimental setup is de-
picted in Fig 1. The setup consisted of a table (A) with
holder (21  21  40 mm) (B). Three weights (C) were
molded: weight 1 (468 g, 20  20  115 mm); weight 2
(578 g, 20  20  145 mm); and weight 3 (675 g, 20 
20  160 mm). The weights fitted exactly in vertical
position in the holder, to position the weights at right
angles (90°) to the tabletop (Fig 1).
The surface area between the weights and the tabletop
was 400 mm2 (20  20 mm). Therefore, the pressure
caused by the weights can be calculated with formulas [F
m  g] and [P  F/A], where F is the force in N/m2, g is
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is the area in m2. To convert pressure from N/m2 into mm
Hg, the result is multiplied by the constant 7.502  10–3.
Weights 1, 2, and 3 caused a pressure of 88, 108, and 127
mm Hg, respectively.
A computer-controlled drill was used to place six holes
in the tabletop, under calibrated angles of 0°, 22.5°, 30°,
45°, 60° and 67.5°, respectively (Fig 1). The holes were
positioned in such a manner that the axes of the holes
intersect at 7.5 mm above the table (Fig 1, A).
Pressure sensors. A previous study demonstrated that
fluid-filled pressure devices inserted into media such as
human fibrin thrombus do not yield accurate and repro-
ducible results.4 Catheters with tip-sensors are considered
the gold standard for aneurysm sac pressure measure-
ments.8 For this study, a RADIAnalyzer PressureWire Sen-
sor (RADI Medical Systems AB, Uppsala, Sweden) pres-
sure catheter with tip-sensor was used. The PressureWire
has a 3-cm-long radiopaque platinum floppy tip, which was
snipped off distal to the sensor to enable precise positioning
of the sensor. According to themanufacturer, shortening of
the radiopaque tip does not influence the accuracy of the
sensor. The pressure sensor had a pressure sensitivity of 5.0
V/V/mm Hg, corresponding to an accuracy better than
2mmHg and a frequency response of 0 to 25Hz or higher.
Experiments. Fibrinous aneurysm sac thrombus of 10
patients was obtained during open aneurysm surgery. The
thrombi were cut in parallelepipeds (20  20  15 mm).
The samples were kept wet by immersion in 0.9% saline
solution.
Seven 21-gauge were inserted in the holes in the table-
top to determine the distance between the intersection
of the needles (7.5 mm above the table) and the underside
of the table (Fig 1, A). The needles were marked to be sure
that the tip of the needle was exactly positioned in this
intersection. Finally, all needles were removed.
The first sample was then positioned straight under
weight 2 (Fig 1, B). The thrombus was punctured with a
21-gauge needle from below the tabletop through the
calibrated hole (0°) in the tabletop. The depth of puncture
was determined using the marking on the needle.
Before pressure sensor insertion, the sensor was cali-
brated in saline solution. The pressure catheter was inserted
Fig 1. A, The experimental set-up consisted of a table (A) with a
holder (B) to position the weights (C) at a right angle to the
specimen of human fibrinous thrombus (D). Seven needles were
positioned in the calibrated holes. The intersection of the needles
was 7.5 mm above the tabletop. The angle between the applied
force and the sensor is designated as . B, A specimen of human
fibrinous thrombus was positioned between the weight and the
tabletop. The pressure catheter has been inserted in the thrombus.
The needle has been withdrawn over the pressure catheter after
catheter insertion. C, A piece of thrombus was been cut to check
the sensor position after insertion. The sensor did not rotate after
insertion. Measurements were always performed with the sensor in
upward position.
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of the pressure catheter was situated on the side of the
catheter and was always oriented upwards (Fig 1, A and C).
We checked this during control experiments by cutting the
thrombus after sensor introduction (Fig 1, C). These ex-
periments confirmed that the sensor does not rotate after
introduction in the thrombus. If the sensor was oriented
upward before introduction, it was also positioned upward
after introduction.
Pressure measurement was performed 1 minute after
withdrawal of the needle over the pressure catheter. Weight
2 was then removed and replaced, successively, by weights
1 and 3. Pressure measurements were repeated. The pres-
sure measurements were considered valid when the pres-
sure readout after removal of the weight was within 5 mm
Hg of the expected 0 mmHg (atmospheric pressure). This
check was performed to exclude artifacts caused by pre-
stress on the sensor caused by sensor introduction.5
The same procedure was repeated after puncturing the
thrombus through holes at 22.5°, 30°, 45°, 60°, and 67.5°,
respectively. Pressure measurements at 90° were performed
by horizontal insertion of pressure catheter in the thrombus
parallel to the tabletop. Pressure measurements at all angles
were taken at exactly the same location in the thrombus.
Finally, the other 5 samples of thrombus were punctured
in reverse order. First, pressuremeasurementswere performed
at 90°, and then at 67.5°, 60°, 45°, 30°, 22.5° and 0°.
Statistical analysis. The pressure measurements at
different angles were compared statistically by means of a
linear mixed model to evaluate the effect of the direction of
pressure measurement on the pressure readout in fibrinous
thrombus. This analysis was used because some factors can
be considered as fixed effects and some as random effects.
The effect of the angle of pressure measurement and the
effect of the weight on the pressure measurements are fixed
effects. The effect of the thrombus on the pressure mea-
surement is a random effect because we were not especially
interested in the sample itself. The thrombus samples were
considered as a reflection of the thrombi of patients with an
AAA. Statistical significance was defined as a P  .05. For
statistical analysis, SPSS 12.0 (SPSS Inc, Chicago, Ill) for
Windows (Microsoft, Redmond, Wash) was used.
RESULTS
All pressure measurements of this study are depicted in
Fig 2. A positive correlation between the angle and the
pressure readout was observed during all experiments given
that an increase in the angle of pressure measurement
resulted in an increase of pressure readout (Fig 2).
The pressure readout was only similar to the applied
pressure when the pressure sensor was positioned at right
angles to the applied force. Pressure measurements in other
sensor positions resulted in lower pressure readouts. The
difference in pressure measurements at 0°, 22.5°, 30°, 45°,
60°, and 67.5° was statistically significant from the pressure
measurement at 90° (P  .001). The difference between
pressure measurements in the 10 samples of thrombus at
the same angle of measurement was not statistically signif-icant (P  .05). The sensor detected pressure changes,
independent of its position, after changing the applied
pressures (Fig 2).
DISCUSSION
In this study, the direction of the applied force in
relation to the sensor influences the pressure measurement
in fibrinous thrombus. Pressure measurements in fibrinous
thrombus were only similar to the applied pressure if the
pressure sensor was positioned at a right angle to the
applied force.
The thrombus is a fibrinous media with certain poros-
ity, which probably explains the results. Electron micros-
copy images of aneurysm sac thrombus demonstrated a
structure of fibrin fibers such that the static fluid pressure is
present in the pores of this structure.9 The interfiber dis-
tance in the thrombus is a few micrometers,9 whereas the
piezoelectric sensing element of the pressure catheter has a
measurement area of 1.8 0.36mm. Therefore, the sensor
will measure a combination of hydrostatic fluid pressure
and stress related to the solid fibrinous media.
If the sensor is positioned at 90° to the applied force,
the weights create a stress field on the sensor equal to the
applied pressure. Therefore, the stress in the solid material
and the hydrostatic pressure of the fluid enclosed in the
pores are equal to the applied pressure. The pressure sensor
will measure a pressure similar to the pressure applied on
the sample. If the sensor is positioned at 0° to the applied
Fig 2. Pressure measurements in 10 thrombi (mean  standard
error of the mean) after the weights were changed (applied pres-
sure). Measurements were performed at different angles between
the sensor and the applied force. Measurements at angles 90°
differed statistically from those at 90° (P  .001). Differences
between pressure measurements in the 10 samples of thrombus at
the same angle were not statistically significant (P  .07).force, the sensor will measure a lower pressure because the
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experiences solid stresses. The sensor will only sense the
hydrostatic pressure.
During the present study, we demonstrated that the
force at the place of measurement was different in different
directions. Different forces on the membrane of the RADI
PressureWire in which the piezoelectric sensor has been
incorporated result in different pressure readings. This phe-
nomenon has already been discussed in theory.2 The prob-
lem of pressure measurement in thrombus is not caused by
the sensor itself but by the different stresses and pressures in
different directions; thus, it is unlikely that the findings of
this study are specific for the RADI PressureWire and could
therefore be extrapolated to other sensors.
Pressure measurements were taken at the same loca-
tion. In theory, the thrombus matrix could be damaged
with each needle insertion. If the matrix is damaged, then
more fluid may gather at this location with each needle
insertion. Experiments could be biased because if more
fluid is gathered at the location of measurement, the fluid
pressure becomes more important than the stress related to
the solid fibrinous media. This could lead to falsely equal
pressure readings in the subsequent measurements given
that pressure in fluids is measured irrespective of direction
of force. Therefore, measurements were taken from 0° to
90° as well as from 90° to 0°.
In the present study we demonstrated that the se-
quence in which the pressure measurements were taken did
not influence the outcome. The results were reproducible
despite reversal of the order of measurements. It is there-
fore not likely that the findings of this study have been
biased by a possible damage of thrombus matrix. During
both orders of measurements, the pressure measurements
were only similar to the applied pressure if the pressure
sensor was positioned at a right angle to the applied force.
Pressure measurements in different thrombi at identical
angles did not differ significantly from each other. This
confirms the reproducibility of the pressure measurements
in this study.
We appreciate that our experimental setup is a simpli-
fied simulation of the in vivo situation. This experimental
setup was developed to determine the effect of the direction
of pressure measurement in fibrinous thrombus on the
pressure readout. By using this setup, however, it is possible
to position the sensor exactly at the same location in the
thrombus (intersection at 7.5 mm above the table) and to
measure at validated angles. An in vivo measurement of this
kind will be very difficult because the exact determination
of the angle between the endoleak and the pressure sensor
is impossible.
The experiments were not performed in a closed circuit
because the thrombus was not surrounded by an aneurysm
wall. Performing the experiments with a closed circuit
would be very difficult in practice because the needle would
puncture the wall. If valid experiments could be performed
in a closed circuit, the ratio between the hydraulic pressure
and stresses might be different from experiments in an opencircuit. The pressure readout would still be orientation-
dependent, however.7
Much research has been undertaken to evaluate aneu-
rysm sac pressure after EVAR. Dias et al10 measured a mean
pressure index, the ratio between the mean aneurysm sac
pressure and the mean systemic pressure, in patients with
shrinking, stable, and expanding aneurysms after EVAR.
They concluded that intra-aneurysm sac pressure measure-
ment is an important adjunctive for EVAR evaluation be-
cause high pressure was associated with AAA expansion and
low pressure with shrinkage.10 However, it will be difficult
if not impossible to determine a definitive pressure thresh-
old for intervention because the angle between the en-
doleak and the sensor is unknown during translumbar
puncture of the aneurysm sac. Furthermore, it is uncertain
whether the angle between the endoleak and the sensor is
similar during two consecutive translumbar punctures.
Monitoring the pressure trend of the aneurysm sac will
therefore be hampered.
Ellozy et al11,12 reported the first clinical experience
with the use of permanently implantable wireless pressure
sensors to monitor the aneurysm sac pressure after EVAR.
The optimal position of a wireless pressure sensor is not
clear. The main problem is that the location of a possible
endoleak is unknown before a wireless pressure sensor is
positioned in the aneurysm sac. Hence, the angle between
the endoleak and the sensor is unknown; and therefore, it
will be difficult to accurately measure pressure in the aneu-
rysm sac. In the present study, however, we demonstrated
that pressure changes are detected irrespective of the sensor
position (Fig 2). If wireless pressure sensors remain in same
position, a pressure trend after EVAR is probably most
appropriate to follow. This corresponds with findings of
our previous study.5
CONCLUSION
Our study demonstrates that the direction of pressure
measurement in fibrinous thrombus influences the pressure
readout. Pressure measurements in fibrinous thrombus
were only similar to the applied pressure if the pressure
sensor was positioned at a right angle to the applied force.
Pressure change was linearly detected, irrespective of direc-
tion of measurement; therefore, a pressure trend seems
more appropriate to follow than the absolute intrasac pres-
sure. Further research is necessary to elucidate the pitfalls of
aneurysm sac pressure monitoring and to determine the
clinical relevance of aneurysm sac pressure monitoring after
EVAR.
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